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(57) ABSTRACT 

A hemofiltration system or method removes unwanted mol 
ecules from a flow of blood using cascaded first and second 
hemofilters. Filtration of the blood in first hemofilter raises 
hemoconcentration of unwanted protein-bound molecules. 
Combination of a substitution fluid with outflow from the first 
hemofilter creates a concentration differential between bound 
and unbound molecules that frees unwanted molecules from 
protein bonds. Filtration of the combined fluids in a second 
hemofilter removes the unwanted free molecules. A second 
substitution fluid may be added to the twice filtered blood 
fluid for return to a patient. Removal of inflammatory media 
tors, apoptotic mediators, and certain electrolytes may be 
effected, and the removal may be optimized by controlling 
fluid flows and transmembrane pressures. 
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OPTIMIZING CLEARANCE FOR 
PROTEIN-BOUND MOLECULES USING 
CASCADE FILTRATION THERAPY 

RELATED APPLICATION 

0001. This application claims priority to U.S. Provisional 
Application No. 60/982,396 filed Oct. 24, 2007, the entire 
disclosure of which is incorporated by reference herewith. 

FIELD 

0002 The invention relates generally to extracorporeal 
blood purification through hemofiltration. More specifically, 
the invention relates to removal, or clearance, of protein 
bound molecules from blood through multiple cascaded 
hemofilters. 

BACKGROUND 

0003 Extracorporeal blood filtration has been in wide 
spread use for many years, most commonly in continuous 
renal replacement therapies (CRRT) to treat patients suffer 
ing loss or impairment of natural kidney functions. More 
recently, extracorporeal blood filtration has been adapted for 
more general application in plasmapheresis, the purification 
of blood through removal of noxious components circulating 
in the blood plasma. Considerable interest has arisen in using 
plasmapheresis as a means for treating ICU patients suffering 
from inflammatory mediator-related diseases such as septic 
shock, systematic inflammatory response syndrome (SIRS), 
and multiple organ failure (MOF). These conditions can arise 
from excessive release of inflammatory mediators into the 
bloodstream by overstimulation of the immune system. Thus, 
plasmapheresis as well as other CRRT have been proposed as 
mechanisms for removing inflammatory mediators from the 
bloodstream to counteract an excessive inflammatory 
response. 
Other applications for plasmapheresis include treatment of 
autoimmune disorders, and treatment of severe acute pancre 
atitis. 
0004. In a typical hemofiltration system such as that used 
in plasmapheresis, blood is removed from a patient through 
an access site, usually by insertion of a venous catheter in a 
limb or central vein, and pumped through an extracorporeal 
circuit that includes an artificial kidney or hemofilter. The 
hemofilter includes a semi-permeable membrane, usually 
synthetic, with pore sizes selected to pass unwanted mol 
ecules. The pump provides a positive hydrostatic pressure 
Sufficient to circulate blood along one surface of the mem 
brane, and push water and waste products from the blood 
across the filter membrane and into a filtration fluid. This 
process, also known as ultrafiltration, causes Suspended sol 
ids and Solutes of high molecular weight to remain in the 
blood, while water and low molecular weight solutes pass 
through the membrane. A sterile substitution fluid, usually 
bicarbonate based, and having electrolyte concentrations 
similar to blood plasma, is added to the filtered blood to 
replace vital fluids and electrolytes lost through transmem 
brane ultrafiltration. The combined blood and substitution 
fluid is then returned to the patient through another venous 
access site. 
0005 Generally, hemofiltration is a slow continuous 
therapy in which sessions usually last between 12 to 24 hours. 
Hemofiltration processes are classified as either low-volume 
hemofiltration (LVH or LVHF) or high-volume hemofiltra 
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tion (HVH or HVHF). The boundary between LVH and HVH 
is around 60 liters of ultrafiltrate per day. HVH may be admin 
istered at a rate as high as 120 liters per day. 
0006 Experimental testing suggests that certain beneficial 
results, e.g., higher survival rates, can be obtained from HVH, 
rather than LVH therapies. See, e.g., D. Journois et al., 
“Hemofiltration During, Cardiopulmonary Bypass in Pediat 
ric Cardiac Surgery.” Anesthesiology Vol. 81, pp. 1181-1 189 
(1994); A. Grootendorst et al., “I Light-Volume Hemofiltra 
tion Improves Heterodynamics of Endotoxin-Induced Shock 
in the Pig.” Intensive Care Med., Vol. 18, pp. 235-240 (1992). 
It has been hypothesized that superior results of HVH may be 
attributable to its ability to more effectively remove noxious 
Substances in the middle molecular weight range. Such as 
cytokines, autacoids or apoptotic mediators. 
0007. However, several drawbacks exist to using HVH. 
For example, in order to support high volume blood flow, 
multiple catheters or a very large catheter may need to be 
installed in the patient to reduce resistance. Also, HVH 
requires larger, more expensive hemofilters with high flux 
membranes that can process fluid exchange in the 100 liter per 
day range. More critically, HVH must be carefully monitored 
to prevent complications. For example, the high-volume fluid 
exchange over a relatively short time period can cause hypo 
thermia. To guard against hypothermia, the Substitution fluid 
must be kept warm, and its temperature monitored over the 
course of treatment. 
0008 Although hemofiltration is known to be more effi 
cient than other blood filtration therapies at the removal of 
middle molecular weight toxins, there is a lack of definitive 
evidence that hemofiltration prevents the onset of septic 
shock, SIRS, or MOF. Further research is required to advance 
the art of hemofiltration and demonstrate its efficacy in com 
bating these potentially fatal complications. 

SUMMARY 

0009. The invention provides a system or method for 
removing unwanted molecules from a flow of blood. Two or 
more hemofilters are arranged in a cascade configuration in 
an extracorporeal circuit, In one embodiment, a flow of blood 
containing unwanted molecules bound to proteins is directed 
through first and second cascaded hemofilters. Filtration of 
the blood in the first hemofilter raises the concentration of the 
unwanted protein-bound molecules by filtering out water and 
other waste solutes from the blood A substitution fluid is then 
combined with outflow from the first hemofilter to create a 
concentration differential in the combined fluid between 
unwanted bound molecules and unwanted free molecules. 
The concentration differential promotes a breakage of the 
protein bonds, allowing free unwanted molecules to be 
removed from the fluid in the second hemofilter. A second 
substitution fluid may be added to the twice filtered blood 
fluid for return to the patient. In one embodiment, the 
unwanted molecules may be inflammatory mediators, apop 
totic mediators, or electrolytes. 
0010. In one embodiment, a system may be equipped with 
one or more pumps, sensors, and related instrumentation and 
controls to effect blood purification using LVH or HVH. 
Sensor feedback to a central controller may be used to main 
tain proper flow, pressure, and temperature characteristics in 
the extracorporeal circuit, such as flow rate of blood through 
a hemofilter, or transmembrane pressure across a hemofilter 
semipermeable membrane. These characteristics may be 
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automatically adjusted by controller algorithms to optimize 
the clearance or removal rate of the unwanted molecules. 
0011. Some methods may include process steps of raising 
concentration in the blood flow of unwanted molecules bound 
to proteins, creating in the blood flow a concentration differ 
ential between the unwanted molecules bound to proteins and 
unwanted molecules free of protein bonds, and filtering the 
blood flow in a hemofilter to remove the free unwanted mol 
ecules. Some methods may include directing a flow of the 
blood through a first hemofilter, combining a substitution 
fluid with outflow from the first hemofilter to free unwanted 
molecules from protein bonds, and directing the combined 
outflow and substitution fluid through a second hemofilter to 
filter out the free unwanted molecules. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012. The features, objects, and advantages of the inven 
tion will become more apparent from the detailed description 
set forth below when taken in conjunction with the drawings, 
wherein: 
0013 FIG. 1 is a schematic diagram of a blood filtration 
system for removing unwanted molecules from blood accord 
ing to an embodiment. 
0014 FIG. 2 is a schematic diagram of an extracorporeal 
blood filtration system for removing unwanted molecules 
from blood according to an embodiment. 
0015 FIG. 3 is a schematic diagram of a system for con 

trolling the rate of removal of unwanted molecules according 
to an embodiment. 
0016 FIG. 4 is a flow chart of a method for removing 
unwanted molecules from blood according to an embodi 
ment. 

0017 FIG. 5 is a flow chart of another method for remov 
ing unwanted molecules from blood according to an embodi 
ment. 

DETAILED DESCRIPTION 

0018. The invention provides a system or method for 
removing unwanted molecules from blood. The invention 
may be applied as a stand-alone system for purifying blood, 
or with an extacorporeal blood filtration circuit used for plas 
mapheresis. Another application may be a hemofiltration sys 
tem used as an artificial kidney or for blood purification 
during CRRT. Other applications may include therapies 
intended to remove unwanted molecules from blood such as 
inflammatory mediators, apoptotic mediators, various elec 
trolytes, and other substances capable of being cleared from 
the blood through semi-permeable membranes. 
0019. A system or method may be applied as a hemofil 

tration therapy, either as HVH or LVH. To tally appreciate the 
nature of the problem being solved by the invention, a sum 
mary of research into HVH therapies conducted by the inven 
tor is provided. An investigation by the inventor into why 
HVH therapy may be effective in removing inflammatory 
mediators, and why MOF passes from one organ to another, 
revealed that a principle transporting mechanism for inflam 
matory mediators is protein. Specifically, the protein albumin 
was determined to be one such mechanism. 
0020. In HVH therapy, the procedural principle is removal 
of plasma fluid from blood through a hemofilter, and replace 
ment of the lost fluid by addition of substitution solution. An 
analysis of hemofiltration therapies revealed that HVH 
removes different quantities of certain molecules than LVH 
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therapies. For example, Ronco showed that HVH can be 
effective at removing inflammatory mediators, whereas LVH 
has no effect on plasma levels of inflammatory mediators. C. 
Ronco, “Pulse High-Volume Haemofiltration in Sepsis.” 
European Renal and Genito-Urinary Disease, pp. 39-45, 
2006. Experiments conducted by the inventor compared 
results of LVH versus HVH therapies. An analysis of solution 
filtered using LVH showed no significant presence of free 
mediators within the filtered fluid. Free mediators were iden 
tified, however, in the solution filtered using HVH. This leads 
to a hypothesis that the different results of LVH versus HVH 
may be attributable to a majority of inflammatory or apoptotic 
mediators being fixed and transported by protein such as 
albumin. 
0021. When HVH is used or when LVHis used, the filtrate 
ratio between blood volume treated per minute and plasma 
volume treated per minute is essentially the same. Both tech 
niques create an increase of protein concentration inside the 
hemofilter because the bonded proteins remain in the blood. 
In other words, the hemoconcentration increases as water and 
other waste products are filtered from the blood flow through 
the filter membrane and into a filtration fluid. Downstream of 
the hemofilter, a substitution fluid is added to the blood flow 
to replace fluid volume lost through the hemofilter. During 
this addition, with respect to a particular protein-bound 
mediator, a concentration difference is created between the 
blood and the substitution fluid. The difference occurs 
because the blood contains a high concentration of a protein 
bound mediator, while the substitution fluid is essentially 
mediator free. This condition promotes a break of liaison, or 
breakage of the bond, between mediators and protein, result 
ing in a higher concentration of free mediators once the two 
fluids (blood and substitution) have combined. 
0022. The liberation of mediators that occurs after addi 
tion of a substitution fluid explains why HVH may be more 
effective than LVHat mediator removal. LVH moves blood at 
a slower rate than HVH. Therefore, free mediators in an LVH 
blood flow move more slowly, and have more time to become 
back-bound to protein as the blood returns to the patient to run 
its course. By the time the blood cycles back to the extracor 
poreal circuit, little or no free mediators remain. On the other 
band, with HVH, blood flow that is faster allows a higher 
percentage of free mediators to remain unbound after cycling 
back through the patient. Thus, in a Subsequent trip through 
the hemofilter, the free mediators, having a smaller molecular 
weight than protein bound mediators, are more likely to be 
filtered out of the blood flow through the filter membrane 
before they can bound back to protein. 
0023 Systems and methods exploit the temporal free 
mediator condition by effecting hemofiltration in multiple 
stages. An embodiment of the invention is shown in FIG. 1. 
The embodiment shows a flow of bloodina counterclockwise 
direction beginning with a source 11 of unfiltered blood. 
Source 11 provides a blood flow, 20, containing unwanted 
molecules that enter a first hemofilter 13. In one embodiment, 
the unwanted molecules may include mediators bound to 
protein. Through osmotic or hydrostatic pressure, the first 
hemofilter 13 may remove water and waste solutes from the 
blood flow 20. The first hemofilter 13 may contain a semi 
permeable membrane 15 that passes molecules and solute 
below a selected molecular weight or smaller than a selected 
pore size. The water and waste solutes may exit the first 
hemofilter 13 as a filtrate 30. Thus, the filtered blood flow 40 
exiting the first hemofilter 13 may have a higher hemocon 
centration, and may therefore have a higher concentration of 
protein bound mediators. 
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0024. To replenish volume lost through the first hemofilter 
13, a substitution fluid 17 may be added to the blood flow 40, 
forming a combined flow 50. The substitution fluid 17 may 
contain little or no free molecules or mediators of the 
unwanted type. Therefore, in the combined flow 50, a con 
centration difference may occur with respect to the unwanted 
molecules between the concentration in the blood flow 40 and 
the concentration in the substitution fluid 17. This difference 
may promote a break of liaison, or breakage of the molecular 
bond, between unwanted molecules and protein. 
0025. The combined flow 50 may enter a second hemofil 

ter 19. The second hemofilter 19 provides a second stage of 
filtration for the blood, and may be referred to as being in a 
series or cascade relation to the first hemofilter 13. At this 
stage, the combined flow 50 may ideally have a higher con 
centration of unbounded unwanted molecules than the blood 
flow 20 or the blood flow 40. The second hemofilter 19 may 
contain a semi-permeable membrane 21 that passes mol 
ecules and solute below a selected molecular weight or 
smaller than a selected pore size, and may be rated differently 
than the first hemofilter 13. Thus, water and waste solutes, 
including unwanted molecules or unwanted free mediators, 
may exit the second hemofilter 19 as a waste filtrate 60, 
thereby removing them from the blood. 
0026. The twice filtered blood flow 70 exits the second 
hemofilter 19. An optional second substitution fluid 23 (indi 
cated as optional by a dashed flow line) may be provided to 
replenish fluid volume lost through the second hemofilter 19. 
When the second substitution fluid 23 is present in the circuit, 
a combined flow 80 is produced that includes blood flow 70 
and the second substitution fluid 23. Combined flow 80 may 
be necessary, for example, for returning Sufficient Volume of 
twice filtered blood directly to a patient. Otherwise, the twice 
filtered output may exit system 100 at a blood collection point 
25. 

0027. Although only two cascaded hemofilters are shown 
in the foregoing example, it is certainly possible within the 
Scope of the invention to employ any number of additional 
cascaded filtration stages. By cascading two or more hemo 
filters in the extracorporeal circuit, free mediators liberated 
during an injection of Substitution fluid downstream of a 
hemofilter may be filtered from the blood in a subsequent 
hemofilter before the blood fluid is collected or returned to a 
patient. Thus, cascade filtration may be just as effective as 
using LVH as it would be using HVH. By using LVH with 
cascade filtration, the disadvantages of HVH, e.g., larger 
access sites, larger or multiple catheters, larger hemofilters, 
and risk of hypothermia, can be avoided. 
0028. Another exemplary embodiment of a system 
according to the invention is shown in FIG. 2. System 200 
may be used in combination with other CRRT equipment, 
such as a dialysis machine or other advanced CRRT Systems 
Such as that described in copending application U.S. patent 
application Ser. No. 1 1/525,800 entitled “Automation and 
Optimization of CRRT Treatment Using Regional Citrate 
Anticoagulation' (incorporated by reference herein), or in 
other extracorporeal CRRT or plasmapheresis systems, or in 
hemofiltration systems employing LVH or HVH therapies 
and the like. As such, Some or all of the components of system 
200 may form an integral part of the extracorporeal circuit. 
0029. The components and operation of the extracorporeal 
circuit of system 200 are now described following blood flow 
in a counterclockwise direction beginning at patient access 
site 11 at the bottom of the figure. Patient access site 11 may 
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represent one or more intravenous (I-V) catheters, PICC lines 
or central venous catheters or equivalent means for penetrat 
ing a blood vessel of the patient to draw a flow of unfiltered 
blood into the extracorporeal circuit. A sensor 27, which may 
be a blood flow detector or blood pressure sensor, may be 
provided to measure the flow or pressure of blood leaving the 
patient at the patient access site11. The sensor 27 may be any 
commercial detector known in the art and commonly used for 
this purpose, such as a non-invasive infrared or ultrasonic 
Doppler type detector. In one embodiment, the sensor 27 may 
be a pressure sensor for detecting a differential pressure 
between two points in the blood flow, for derivation of a signal 
representative of the blood flow. In this and other embodi 
ments, additional sensors may be located at various points in 
the circuit. Hereinafter, the sensors will be disclosed as pres 
Sure sensors, although it should be appreciated that flow sen 
sors may also be employed. 
0030. A blood pump 29 provides the mechanical force to 
sustain a continuous flow of blood 20. The blood pump 29 
may be any conventional pump known in the medical arts and 
suitable for the purpose. It should be understood that the 
blood pump 29, as well as other pumps described herein or 
otherwise used in different embodiments of the invention, 
may be conventional diaphragm, centrifugal, or peristaltic 
pumps typically used in the medical arts. 
0031. A pre-filter sensor 31 may be installed to measure 
pressure in blood flow 20 upstream of a first hemofilter 13. 
The first hemofilter 13 may be of conventional design and 
selected from commercial stock, and may include two flow 
paths separated from each other by a semi-permeable mem 
brane 15. The semi-permeable membrane 15 may be selected 
for its particular pore size, i.e. its ability to pass molecules up 
to a certain atomic weight. 
0032. By osmotic or hydrostatic pressure, water and waste 
solutes in blood flow 20 pass through the semi-permeable 
membrane 15 and exit the first hemofilter 13 along one flow 
path as a filtrate flow 30. A filtrate pump 33 may be installed 
to draw filtrate flow 30 from the first hemofilter 13. A sensor 
35 may be located in filtrate flow 30 to measure pressure in 
that line. Filtrate in flow 30 may be collected in a filtrate 
collector 37, and may ultimately be disposed of as a waste 
product. 
0033. A blood leak detector 39 may also be installed in the 
filtrate flow path to detect excessive presence of blood 
plasma. One example of a blood leak detector 39 is a non 
invasive optical sensor manufactured by Introtek Intl. of 
Edgewood, N.Y. The Introtek leak detector operates on the 
principle of light absorption. Filtrate flow may be routed to 
the leak detector through clear plastic tubing, into which a 
beam of light is directed. The specific amount of light 
absorbed by the filtrate is compared to a calibrated pre-set 
threshold. If the threshold is exceeded due to the presence of 
too much blood leaking into flow path 30 through a perfora 
tion in the semi-permeable membrane 15, the optical leak 
detector may output an analog or digital alarm signal to indi 
cate an out-of-tolerance condition. 

0034. The second flow path in the first hemofilter 13 is 
provided for filtered blood, which exits the first hemofilter 13 
as blood flow 40 on the downstream side. A first substitution 
fluid 17 may be provided to add volume to blood flow 40 to 
compensate for volume lost as filtrate flow 30. The first sub 
stitution fluid 17 may be any sterile intravenous fluid having 
a desired concentration of electrolytes, such as a dialysate 
solution commonly known in the art. Additionally, the first 
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substitution fluid 17 may be formulated as a buffer to main 
tain a desired acid-base balance. For example, the first sub 
stitution fluid 17 may be an acetate-based, lactate-based, cit 
rate-based or bicarbonate-based buffer. In other 
embodiments, the first substitution fluid 17 may include one 
or more anticoagulants such as heparin or citrates. 
0035. A substitution fluid pump 41 may be installed to 
force the first substitution fluid 17 to combine with blood flow 
40. A heater 43 may be installed in the flow path of the first 
substitution fluid 17 to maintain proper temperature levels 
and prevent hypothermia, particularly for HVH operations. A 
temperature sensor 45 may also be installed to sense and 
transmit an analog or digital signal representing Substitution 
fluid temperature to a controller (not shown) to effect tem 
perature control, which will be discussed below in greater 
detail. 

0036. The first substitution fluid 17 combines with blood 
flow 40 to form a supplemented flow 50 upstream of a second 
hemofilter 19. In one embodiment, an intermediate pressure 
sensor 47 may be placed into the path of the supplemented 
flow 50 for making pressure or flow measurements at that 
point, and may transmit a signal representing pressure or flow 
to a controller. The supplemented flow 50 creates a concen 
tration differential that liberates bound unwanted molecules 
(or bound inflammatory or apoptotic mediators) from protein 
bonds according to the hypothesis previously described. The 
combined flow containing free, unwanted molecules may 
then enter the second hemofilter 19. 

0037. The second hemofilter 19 may function similarly to, 
and be of the same general construction as the first hemofilter 
13. The second hemofilter 19, however, may include a semi 
permeable membrane 21 that differs in construction from the 
semi-permeable membrane 15. In particular, the semi-perme 
able membrane 21 may be selected for a pore size designed to 
pass a particular unwanted molecule or mediator. A first flow 
path exiting the second hemofilter 19 may be provided as a 
filtrate flow 60 for passing water and unwanted wastes out of 
the blood through osmotic or hydrostatic pressure. A filtrate 
pump 49 may be installed to draw the filtrate flow 60. As in 
flow path 30, the discharge line for filtrate flow 60 may also be 
equipped with a flow or pressure sensor 51, a blood leak 
detector 53, and a filtrate collector 55. 
0038. In one embodiment, the second hemofilter 19 may 
be selected for a membrane pore size that passes unwanted 
inflammatory mediators. In another embodiment, the second 
hemofilter 19 may be selected for a membrane pore size that 
filters out apoptotic mediators. In another embodiment, the 
second hemofilter 19 may be selected for a membrane pore 
size that removes calcium ions. In a second flow path exiting 
the second hemofilter 19, a twice filtered flow of blood 70 
exits the second hemofilter 19 free or relatively free of 
unwanted molecules, mediators, or electrolytes. 
0039. A second substitution fluid 23 may be added to 
blood flow 70 downstream of the second hemofilter 19. A 
substitution fluid 23 may be pumped into blood flow 70 using 
a substitution fluid pump 57. The addition of the substitution 
fluid 23 to twice filtered blood flow 70 compensates for fluid 
lost through the second hemofilter 19 as filtrate flow 60. Like 
the substitution fluid 17, the substitution fluid 23 may be any 
sterile, intravenous fluid formulated as desired. In one 
embodiment, a temperature sensor 59 and a heater 61 may be 
installed as shown for controlling temperature of the substi 
tution fluid 23. 
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0040 Combining the substitution fluid 23 with twice fil 
tered blood flow 80 creates a combined blood flow 80 at a 
point downstream of the second hemofilter 19. In one 
embodiment, a pressure sensor 63 may be located in the 
circuit at this point for pressure or flow measurements. In 
other embodiments, an air bubble trap 65, an air bubble detec 
tor 67, and/or an automatic clamp 69 may be installed in the 
circuit as safety precautions at points upstream of a patient 
blood return site 25. The air bubble trap 65 may be placed into 
blood flow 80 for removal of unwanted microbubbles. The air 
bubble detector 67 may be placed into blood flow 80 down 
stream of the air bubble trap 65, and preferably downstream 
of all pumps in the circuit, to detect the undesirable presence 
of air bubbles or air gaps in blood flow 80. Any air bubble 
detector known in the medical arts, such as ones operating on 
ultrasonic or infrared sensing technology, may be used for 
this purpose. The automatic clamp 69 may be placed between 
the air bubble detector 67 and a patient blood return site 25. In 
one embodiment, a Solenoid valve may be employed as the 
automatic clamp 69. In another embodiment, the air bubble 
detector 67 and the automatic clamp 69 interface electroni 
cally with a controller. The return site 25 may be provided 
using an appropriate or complimentary catheterization 
method as used for access site 11. 

0041 FIG. 3 illustrates a schematic diagram of one 
embodiment of a system 300 according to the invention for 
controlling a removal rate of unwanted molecules in a hemo 
filtration circuit such as that of system 200. A central com 
puter or controller 71 may allow a user to manually or auto 
matically control components within the hemofiltration 
circuit. The components may include the blood pump 29, the 
first filtrate pump 33, the first substitution fluid pump 41, the 
second filtrate pump 49, the second substitution fluid pump 
57, the first substitution fluid heater 43, the second substitu 
tion fluid heater 61, and the automatic clamp 69. Control 
loops may be enabled by the controller 71 communicating 
with and/or receiving sensory input from various instrumen 
tation within the hemofiltration circuit. The instrumentation 
may include the patient access pressure sensor 27, the pre 
filter pressure sensor 31, the first filtrate pressure sensor 35, 
the intermediate pressure sensor 47, the second filtrate pres 
sure sensor 51, the patient return pressure sensor 63, the first 
substitution fluid temperature sensor 45, the second substitu 
tion fluid temperature sensor 59, and the air bubble detector 
67. The controller 71 may communicate with each of the 
instruments, and may issue automatic control signals to each 
of the components, via a bus or signal line 90. The signal line 
90 may be made up of one or more electrical cables or groups 
of electrical cables or buses suitable for analog or digital 
signal transmission. In another embodiment, the bus 90 may 
also represent one or more wireless links. 
0042. The controller 71 may include a CPU 73, which may 
be a general purpose computer, personal computer, or other 
Suitable microprocessor-based component or microcontroller 
known in the art. A computer-readable memory 75, accessible 
by CPU 73, may be integral to CPU 73 or may be separately 
coupled thereto. The memory 75 may include hardware and/ 
or software, executable by CPU 73, for effecting various 
controller functions including receiving system input signals 
and transmitting output control signals. The memory 75 may 
also include any conventional operating system Software 
essential for basic computing operations. The controller 71 
may further include peripheral devices Such as a display unit 
77 and a user interface 79. The display unit 77 and the user 
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interface 79 may assista user during manual operation of the 
system. For example, the controller 71 may perform a calcu 
lation for determining a flow rate within the extracorporeal 
circuit, such as a flow rate for flow 20, flow 30, flow 40, flow 
50, flow 60, flow 70 or flow 80. The controller 71 may also 
cause the results of the calculation to display on display unit 
77. A user reading these results may then adjust a circuit 
component manually. Or, the user may adjust the component 
remotely by manual entry of keystrokes on the user interface 
79. 

0043 System 300 may operate by the controller 71 auto 
matically controlling flow rates and temperatures within the 
extracorporeal circuit in response to settings specified or 
input through the user interface 79. The controller 71 may 
then maintain specified flow rates using feedback received 
from instrumentation Such as the pressure or flow sensors. In 
one embodiment, the CPU 73 may calculate a control signal 
for a pump by executing an algorithm stored in the memory 
75. The controller 71 may then transmit an output signal 
representing pump speed to one or more of the pumps, which, 
in response to receiving the output signal, adjusts its speed to 
achieve a specified flow rate. In one embodiment, the output 
signal to a pump may be a Voltage level. In another embodi 
ment, the controller 71 may control fluid temperature to main 
tain it within specified limits. For example, the temperature 
sensor 45 may transmit a signal representing the sensed tem 
perature of the first substitution fluid 17 to the controller 71 
over the bus 90. In response, the CPU 73 may execute a 
control algorithm stored in the memory 75 to calculate an 
output signal for transmission over the bus 90 to the heater 43. 
The output signal to the heater 43 may be a control signal that 
varies the amount of electrical current energizing an electric 
heating element of the heater 43, or it may turn the heating 
element on and off. In this way, the temperature of fluid flow 
within the circuit may be maintained at an optimal level when 
delivered back to the patient. Feedback control algorithms for 
controlling pump speeds and temperatures, such as PID or 
state-space control algorithms, are well known in the art. 
0044) Using another control loop, the controller 71 may be 
configured to shut down the hemofiltration circuit in response 
to receiving an alarm signal over the bus 90 from the air 
bubble detector 67. In this case, the controller 71 may output 
an actuation signal over the bus 90 to effect closure of the 
automatic clamp 69. In one embodiment, the actuation signal 
may be a Voltage of Sufficient potential to energize a Solenoid 
to produce a magnetic force sufficient to close a valve in the 
automatic clamp 69, thereby stopping flow to the patient 
return site 25. In another embodiment, the actuation signal 
may also shut down one or more pumps in the circuit. 
0045. In another embodiment, the CPU 73 may calculate 
and control differential pressures at various points of interest 
in the extracorporeal circuit. If results of any of these calcu 
lations indicate an out-of-tolerance condition, the controller 
71 may adjust flow rates of one or more pumps, shut down the 
circuit, or issue audible or visual alarms. For example, trans 
membrane pressure (TMP) across a hemofilter may be speci 
fied by a user, or rated by a hemofilter manufacturer, within a 
certain tolerance range. The controller 71 may determine 
TMP 1 for the first hemofilter by reading inputs from pres 
Sure sensors within the circuit, and performing a calculation. 
In this example, TMP 1 may be calculated as: 

TMP 1=(PRE 1+INT)/2-FILT 1 
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0046 where PRE 1 is the pre-filter pressure at sensor 31, 
INT is the intermediate pressure at sensor 47, and FILT 1 is 
the first filtrate pressure at the sensor 35. In one scenario, if a 
calculated value for TMP 1 exceeds a specified range, this 
may indicate excess clotting of blood in the semi-permeable 
membrane of the first hemofilter 13. The controller 71 may 
then issue an audible alarm, or a visual alarm Such as illumi 
nating a warning light or displaying a warning or instruction 
on the display unit 77. 
0047 Similarly, a transmembrane pressure TMP 2 in the 
second hemofilter 19 may be calculated as: 

TMP 2=(INT+RET)/2-FILT 2 

0048 where RET is pressure at the patient return site at the 
sensor 63, and FILT 2 is the second filtrate pressure at the 
sensor 51. 
0049. The controller 71 may also calculate and control 
pressure drop, PD, through any of the hemofilters according 
to a user-specified input. For example, PD 1 through the first 
hemofilter 13 and PD 2 through the second hemofilter 19 
may be calculated as: 

PD 1=PRE 1-INT-offset 1 

PD 2=INT-RET-offset 2 

0050 where offset 1 and offset 2 are correction values 
for PD 1 and PD 2, respectively, to account for positioning 
offset errors between the pressure sensors used for the par 
ticular calculation. 
0051. The specified PD across a hemofilter, the flow 
through a hemofilter, the pore size of a semi-permeable mem 
brane, and a TMP across a hemofilter may all affect the 
ultrafiltration rate of a hemofilter, and thus the rate at which 
unwanted molecules or mediators may be removed from the 
blood. Thus, the removal rate of unwanted molecules could 
controlled by adjusting one or more of PD, TMP pore size, or 
blood flow at any point in the circuit. By selecting these 
parameters carefully, a hemofiltration circuit according to the 
invention, through manual adjustments and/or automatic con 
trol, may optimize clearance of protein bound molecules 
through cascade filtration therapy. 
0052. It should be appreciated that the controller 71 is not 
limited to controlling only those components and instruments 
shown in the systems 200 and 300. The invention may be 
integrated with many other CRRT, dialysis, or plasmapher 
esis systems. In particular, the invention may be integrated 
with systems and methods described in co-pending U.S. 
patent application Ser. No. 1 1/525,800 entitled “Automation 
and Optimization of CRRT Treatment Using Regional Citrate 
Anticoagulation.” filed Sep. 21, 2006. Accordingly, the con 
troller 71 may include means for optimizing citrate antico 
agulation during administration of the hemofiltration therapy. 
0053 FIG. 4 is a flow chart of a method 400 for removing 
unwanted molecules from blood according to an embodi 
ment. Method 400 may be performed within the context of 
operating one or more systems of the invention described in 
the foregoing embodiments. Method 400 is a process for 
optimizing removal of unwanted molecules from a flow of 
blood. At step 402, the method may raise concentration, in the 
blood flow, of unwanted molecules bound to proteins. One 
example of executing this step is given in the foregoing dis 
cussion of system 100, wherein a molecular concentration 
may be raised by filtering water and waste products from 
blood using a hemofilter. Other ways of executing this step 
may also be carried out within the scope of the invention, Such 
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as by centrifuge. In step 404, the method may create in the 
blood flow a concentration differential between the unwanted 
molecules bound to proteins and unwanted molecules free of 
protein bonds. An example of executing this step, described 
above, may be adding a sterile substitution fluid to the con 
centrated blood. Other fluids, such as blood plasma free of the 
unwanted molecules, may also be used to create the concen 
tration differential. In step 406, the method may filter the 
blood flow in a hemofilter to remove free unwanted mol 
ecules. In a case where the method is used for purifying blood 
from apatient, e.g. during a CRRT, optional step 408 may also 
be executed. In step 408, the method may add a substitution 
fluid to the filtered blood flow to establish properblood chem 
istry, such as proper electrolyte and pH levels, before return 
ing the blood to the patient. 
0054 FIG. 5 is a flow chart of another method 500 for 
removing unwanted molecules from blood according to an 
embodiment. Method 500 depicts another set of process steps 
for optimizing removal of unwanted molecules from a flow of 
blood, and may also be performed within the context of oper 
ating one or more systems of the invention previously 
described. In step 502, a flow of blood may be directed 
through a first hemofilter. Step 502 may remove water and 
waste products from the blood flow, and may also raise con 
centration of an unwanted molecule or mediator in a protein 
bonded state. In step 504, outflow from the first hemofilter 
may be combined with a substitution fluid. Step 504 may 
promote a breakage of the protein bonds, creating a higher 
concentration of free unwanted molecules or free unwanted 
mediators. In step 506, the combined flow of concentrated 
blood and substitution fluid may be directed through a second 
hemofilter, Step 506 may remove unwanted molecules or 
unwanted mediators from the blood. In an optional step 508, 
a second substitution fluid may be added to outflow from the 
second hemofilter prior to returning the fluid to a patient. 
0055. The invention has been disclosed in an illustrative 
style. Accordingly, the terminology employed throughout 
should be read in an exemplary rather than a limiting manner. 
Although minor modifications of the present invention will 
occur to those well versed in the art, it shall be understood that 
what is intended to be circumscribed within the scope of the 
patent warranted hereon are all Such embodiments that rea 
sonably fall within the scope of the advancement to the art 
hereby contributed, and that that scope shall not be restricted, 
except in light of the appended claims and their equivalents. 
What is claimed is: 
1. An extracorporeal blood filtration system for removing 

unwanted molecules from a flow of blood from a patient, 
comprising: 

a first hemofilter raising hemoconcentration of the blood in 
a filtered blood flow: 

a first substitution fluid supplementing the filtered blood 
flow: 

a second hemofilter filtering unwanted molecules from the 
supplemented blood flow; and 

a second Substitution fluid Supplementing outflow from the 
second hemofilter for return to the patient. 

2. The system of claim 1 wherein the first substitution fluid 
supplementing the filtered blood flow frees the unwanted 
molecules from protein bonds. 

3. The system of claim 2 wherein the second hemofilter 
includes a membrane having pore sizes selected to pass the 
free unwanted molecules. 
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4. The system of claim 1 further comprising a means for 
adjusting blood flow through the first hemofilter. 

5. The system of claim 1 further comprising a means for 
adjusting transmembrane pressure in the first hemofilter. 

6. The system of claim 1 further comprising a means for 
adjusting Supplemented blood flow through the second hemo 
filter. 

7. The system of claim 1 further comprising a means for 
adjusting transmembrane pressure in the second hemofilter. 

8. The system of claim 1 wherein the unwanted molecules 
include one or more mediators. 

9. The system of claim 1 further comprising a controller for 
optimizing removal rate of the unwanted molecules from the 
blood flow. 

10. The system of claim 9 wherein the controller adjusts 
one or more of blood flow in the first hemofilter, blood flow in 
the second hemofilter, transmembrane pressure in the first 
hemofilter, transmembrane pressure in the second hemofilter, 
flow of the first substitution fluid, flow of the second substi 
tution fluid, pressure drop across the first hemofilter, and 
pressure drop across the second hemofilter. 

11. A method for optimizing removal of unwanted mol 
ecules from a flow of blood, the method comprising steps of: 

raising concentration in the blood flow of unwanted mol 
ecules bound to proteins; 

creating in the blood flow a concentration differential 
between the unwanted molecules bound to proteins and 
unwanted molecules free of protein bonds; and 

filtering the blood flow in a hemofilter to remove the free 
unwanted molecules. 

12. The method of claim 11 further comprising adding a 
substitution fluid to the filtered blood flow for return to a 
patient. 

13. The method of claim 11 further comprising controlling 
a rate of removal of the unwanted molecules. 

14. The method of claim 13 further comprising controlling 
the removal rate of the unwanted molecules by adjusting 
blood flow rate. 

15. The method of claim 13 further comprising controlling 
the removal rate of the unwanted molecules by adjusting 
transmembrane pressure in the hemofilter. 

16. The method of claim 11 wherein the unwanted mol 
ecules are selected from the group comprising inflammatory 
mediators, apoptotic mediators, and electrolytes. 

17. A method of removing unwanted molecules from 
blood, comprising: 

directing a flow of the blood through a first hemofilter; 
combining a substitution fluid with outflow from the first 

hemofilter to free unwanted molecules from protein 
bonds; and 

directing the combined outflow and substitution fluid 
through a second hemofilter to filter out the free 
unwanted molecules. 

18. The method of claim 17 further comprising adding a 
second substitution fluid to outflow from the second hemo 
filter for return to a patient. 

19. The method of claim 17 wherein the combining step 
breaks the protein bonds by creating a concentration differ 
ential between bound and unbound molecules. 

20. The method of claim 17 wherein the unwanted mol 
ecules are selected from the group comprising inflammatory 
mediators, apoptotic mediators, and electrolytes. 
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